To test the hypothesis that the physiologic liporegulatory role of hyperleptinemia is to prevent steatosis during caloric excess, we induced obesity by feeding normal Sprague Dawley rats a 60% fat diet. Hyperleptinemia began within 24 h and increased progressively to 26 ng/ml after 10 weeks, correlating with a ~150-fold increase in body fat (r=0.91; p<0.0001). During this time triacylglycerol (TG) content of nonadipose tissues rose only 1-2.7-fold, implying antisteatotic activity. In rodents without leptin action (fa/fa rats, ob/ob and db/db mice) receiving a 6% fat diet, nonadipose tissue TG was 4-100 times normal. In normal rats on 60% fat peroxisome proliferator-activated receptor-α (PPARα) protein and L-carnitine palmitoyl transferase-1 (L-CPT-1) mRNA increased in liver. In their pancreatic islets, fatty acid (FA) oxidation increased 30% without detectable increase in expression of PPARα or oxidative enzymes, while lipogenesis from [
INTRODUCTION
Compelling theoretical considerations, coupled with corroborating experimental evidence, argue against the conventional view that the physiologic role of leptin is to prevent obesity. First, plasma leptin levels of rodents and humans are low in the lean and high in the obese (1) , hardly the credentials of an antiobesity hormone. Second, dietinduced obesity is not prevented in hypoleptinemic mice by restoring their plasma leptin levels to normal with recombinant leptin (2) . Third, there is no evidence that overnutrition and obesity have ever posed a serious survival threat in evolution; on the contrary, the principal survival threat throughout evolution has been famine, against which obesity provides a measure of protection, as the "thrifty gene" hypothesis maintains (3) . Finally, it seems implausible to suggest that hormones evolve for the purpose of preventing the clinical consequences of their own deficiency; just as insulin evolved to confer advantages in nutrient metabolism, rather than to prevent diabetic ketoacidosis, so leptin must have evolved, not to prevent its deficiency syndrome, obesity, (4), but rather to confer a metabolic advantage that has not as yet been identified.
We had previously suggested that the metabolic advantage conferred by the hyperleptinemia of obesity might be prevention of overaccumulation of triacylglycerols (TG) in nonadipose tissues (5) . Clearly, leptin does have powerful antilipogenic activity in some such tissues (6) . In the absence of leptin action, lipogenesis is increased and fatty acid (FA) oxidation is reduced (7), accounting for the steatosis and lipotoxicity that occurs in such circumstances (7) (8) (9) . For example, in Zucker Diabetic Fatty (ZDF) rats 4 the progressive overaccumulation of lipids causes death of cells in pancreatic islets and myocardium, resulting in diabetes and myocardial failure, the most serious complications of obesity. It has been proposed that the lipid overaccumulation enlarges the intracellular pool of fatty acyl-CoA beyond the oxidative requirements of the cell (15) , thereby providing substrate for potentially destructive nonoxidative pathways such as de novo ceramide formation (16) and lipid peroxidation (17, 18) .
If the foregoing abnormalities develop in the absence of leptin action, it follows that leptin must be able to prevent them. Certainly hyperleptinemia induced by adenoviral transfer of the leptin gene has remarkable lipopenic and antilipogenic activity in tissues of normal rats, downregulating the expression of genes involved in lipogenesis, while upregulating those genes involved in β-oxidation and thermogenesis (19) .
Although they are consistent with putative antisteatotic activity of hyperleptinemia, such studies do not prove that the actual physiologic role of adipocyte-derived hyperleptinemia in obesity is to prevent the ectopic accumulation of TG in nonadipose tissues. This study was designed to test this premise.
METHODS

Animals without leptin action:
Three groups of rodents were employed. Obese homozygous (fa/fa) Zucker diabetic fatty (ZDF)-drt rats, which are unresponsive to leptin because of a loss-of-function mutation in their leptin receptor (10, 11) and lean wild-type (+/+) ZDF controls, were bred in our laboratory from [ZDF/Drt-fa (F10)] rats purchased from Dr. R. Peterson (University of Indiana School of Medicine, Indianapolis). Two groups of mice, C57 BL/6J-ob/ob, C57BL/KS-J-db/db and their wild-type controls, C57BL/6J-+/+ and C57BL/KS-J-+/+ mice were purchased from Jackson Laboratory (Bar Harbor, ME).
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Animals with leptin action: To induce diet-induced obesity in normal rats, Sprague Dawley rats, purchased from Charles River Laboratories, Raleigh, NC, were employed. They were housed in individual metabolic cages (Nalgene, Rochester, NY) with a constant temperature and 12 h of light and 12 h of darkness. Body weight and food intake were measured weekly. Initially all rats were fed standard chow (Teklad 4% Mouse/Rat diet, Madison, WI) ad libitum and had free access to water. At 4 weeks of age they were either continued on this diet, which contains 24.8% protein, 4% fat and 3.94 Kcal/g, or they were switched to a high fat diet (Purina test Diet, Purina Mills, Inc., Richmond, IN) containing 60% fat, 7.5% carbohydrate, 24.5% protein and 6.7 Kcal/g in order to produce diet-induced obesity.
Adenovirus transfer of OB-Rb cDNA to liver of fa/fa ZDF rats: In in vivo experiments containing a total of 1x10 12 plaque-forming units of recombinant adenovirus containing the cDNA of the leptin receptor, OB-Rb (AdCMV-OB-Rb) or as a control β-galactosidase (AdCMV-β-gal), prepared as described previously (20) , were infused into conscious animals over a 10-min period through polyethylene tubing (PE-50, Becton
Dickinson) previously anchored in the left jugular vein of 9-week-old ZDF fa/fa rats under sodium pentobarbital anesthesia, as described (20) .
Expression of wild-type and mutated OB-Rb in liver and hypothalamus of fa/fa rats: To compare the expression of wild-type OB-Rb in fa/fa rats with mutated OB-Rb, total RNA of rat liver and hypothalamus was extracted using TRIzol reagent. Reverse transcription of total RNA was carried out after treating RNA samples with RNase freeDNase I. The first strand cDNA was then used to PCR-amplify an OB-R cDNA fragment with OB-R-specific primers encompassing the region with the fa/fa mutation as described (11) . The conditions of PCR were as follows: denaturation for 45s at 92° C, annealing for 45s at 55° C, and elongation for 1 min at 72° C. The amplified PCR products were digested with MspI at 37° C for one hour, then run on a 1.2% agarose gel. The hybridization signals were analyzed by Molecular Imager GS-363 (Bio-rad, Hercules, CA). Values were normalized to the signal generated with an 18s ribosomal RNA (rRNA) gene probe.
Multiplex reverse Transcriptase polymerase chain reaction (MPX-RT-PCR):
The procedure used was based on methods described by Jensen et al. 
U-[ 14 C]glucose incorporation into lipids in islets:
Incorporation of U-9 from the islets according to the method of Bligh and Dyer (29) , and counts incorporated into total lipid were determined.
Statistical analyses:
All values shown are expressed as mean ± SEM. Statistical analysis was performed by two-tailed unpaired Student's t-test by one-way analysis of variance.
RESULTS
Response of leptin levels to caloric excess:
If the function of leptin during caloric excess is to minimize the accumulation of lipids in nonadipose tissues, hyperleptinemia
should begin promptly at the start of overnutrition and increase progressively as the overnutrition continues. To test this, a group of 10 normal male Sprague-Dawley rats was fed a diet in which 60% of the calories were derived from fat. Age-matched control rats received a 4% fat diet. Both groups were observed for 70 days. Plasma leptin levels in control rats were relatively unchanged, rising by only 0.04 ± 0.002 ng/ml per day to a level of only 2.80 ± 0.77 ng/ml on the final day of the 70-day study. In rats on a 60% fat diet, by contrast, plasma leptin rose to 4.3 ± 0.2 ng/ml (p<0.001) within 24 h and increased progressively thereafter by 0.37 ± 0.07 ng/ml per day to a level of 26 ng/ml at 70 days ( Figure 1A ). In this group the rise in plasma leptin levels paralleled the expansion in body fat mass, quantified by magnetic resonance spectrophotometry (MRS) ( Figure 1B) ; there was a highly significant correlation between body fat and the plasma leptin level (r = 0.91; p<0.0001) ( Figure 1C ). Thus, leptin levels appear to respond promptly to a caloric excess and they increase in proportion to enlargement of the adipose mass, consistent with the postulated role.
TG deposition in nonadipose tissues in the presence of leptin action: If the hyperleptinemia induced by high fat feeding does, in fact, protect nonadipose tissues of normal rats from overaccumulation of lipids, their tissue TG content should remain low during the development of obesity, despite the expansion of the adipose tissue mass and the concomitant rise in plasma lipid levels. To test this, we measured tissue TG content of nonadipose tissues 70 days after the start of the high fat diet, at which point total body fat, measured by MRS, had increased ~150-fold above the pre-diet baseline ( Figure 1B) and plasma TG and FFA levels were significantly higher (Figure 2A) . However, TG content in nonadipose tissues increased only 1.0 to 2.7 fold above the baseline ( Figure   2B ). Thus, nonadipose tissues of leptin-responsive hyperleptinemic rats accumulated only a small fraction of the total increase in body fat acquired over 70 days of excessive fat intake, during which time the animals had became grossly obese ( Figure 1B) .
Mechanism of antisteatotic protection in liver:
In the liver protection against steatosis might involve, not only increased secretion of VLDL, but also enhanced FA oxidation. In the latter case, an increase in the expression of PPARα and its target enzymes, L-CPT-1 and ACO might be expected (30) . To determine if the in vivo protection against hepatic overaccumulation of TG in normal rats on a high fat diet is mediated by this mechanism, we semiquantified PPARα protein and ACO and L-CPT-1 mRNAs in livers of normal rats receiving either a 60% or a 4% fat intake. PPARα protein and L-CPT-1 mRNA were both significantly greater in the former group, but ACO mRNA was not different ( Figure 3A and B).
Mechanism of the antisteatotic protection in islets:
Unlike liver, islets cannot export excess FA, which may account for their vulnerability in obesity. To determine the mechanism of the protection against lipid overaccumulation that prevails early in the course of obesity, we measured the rate of oxidation of [ 3 H]-palmitate in isolated islets of Sprague-Dawley rats receiving either a 4% or 60% fat diet. Oxidation was 30% greater in pancreatic islets of rats on the 60% fat diet than in controls on the 4% fat diet ( Figure   4A ). However, unlike in liver, no change in ACO or L-CPT-1 could be detected by MPX-PCR (data not shown). These findings suggest that the preexisting oxidative machinery of the islets was able to accommodate this increase in oxidation without an increase in expression of genes encoding the enzymes.
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We had previously reported that in the absence of leptin activity, as in fa/fa ZDF rats, increased lipogenesis was the most important single factor in the ectopic overaccumulation of lipids in islets (7, 31) . Accordingly, in normal rats the high fat diet
should not induce the increase in lipogenesis and lipogenic enzymes that had been observed in fat-laden islets of the leptin-insensitive fa/fa rats. As shown in Figure 4B and C, there was no increase in incorporation of 14 C-glucose to lipids or in expression of lipogenic enzymes; in fact, a small but significant decrease in lipogenesis and in FAS mRNA was evident ( Figure 4B and C) . This was in sharp contrast to the ZDF fa/fa rats in which lipogenesis was 2.5 times greater.
Ectopic TG deposition in the absence of leptin action:
If the antilipogenic protection observed in normal rats during caloric excess did, in fact, require the action of the accompanying hyperleptinemia, rodent models with either a leptin deficiency (ob/ob mice) or a loss-of-function mutation in their leptin receptors (db/db mice and ZDF fa/fa rats) would be unprotected from lipid overaccumulation. We, therefore, measured the plasma leptin levels ( Figure 5A ) and the TG content of islets, skeletal muscle, heart and liver of these "unleptinized" rodents ( Figure 5B ). Although their diet contained only 6% fat, the TG content of their nonadipose tissues ranged from ~4 to ~100-fold above normal controls on the same diet. Thus, when leptin action is lacking, protection from lipid overaccumulation in nonadipocytes is also lacking -even when the dietary fat intake is normal.
Overexpression of wild-type OB-Rb in livers of ZDF fa/fa rats prevents steatosis: If the marked hepatic steatosis and hypertriglyceridemia of obese ZDF fa/fa
rats is the result of lack of direct leptin action on the liver, transgenic overexpression of the wild-type leptin receptor in the liver of these leptin-receptor-defective animals should protect them. Therefore, we infused into 9-week-old ZDF fa/fa rats 10 12 plaque-forming units of recombinant adenovirus containing the cDNA of wild-type OB-Rb, the fulllength isoform of the leptin receptor (AdCMV-OB-Rb). AdCMV-β-galactosidase (β-gal) 12 was infused into age-matched ZDF fa/fa rats as a control. The wild-type OB-Rb transgene introduced in vivo with an adenovirus vector was expressed exclusively in the steatotic liver of the ZDF fa/fa rats ( Figure 6A ). None was detected in any other tissues, including the hypothalamus.
One week after treatment with AdCMV-OB-Rb plasma TG levels of ZDF fa/fa rats declined slightly to below pretreatment levels and remained significantly below the controls for 3 weeks after AdCMV-OB-Rb treatment ( Figure 5B ). Liver TG content was significantly below that of β-gal controls and untreated controls ( Figure 5C ), the result of a delay in the increase in liver TG compared to the controls. TG content of heart and skeletal muscle were unaffected ( Figure 6B ). Food intake in the two groups was identical in the 2 adenovirus-treated groups (29.8 ± 1.4 g/d vs. 29.8 ± 1.5 g/d). Since the liver was the only site of expression of the normal OB-Rb in these ZDF fa/fa rats and the only site of antisteatotic action, we must assume that the elevated endogenous leptin levels, which averaged 24 ± 2 ng/ml in AdCMV-OB-Rb-treated rats, and 28 ± 2 ng/ml in controls, exerted a direct antisteatotic action on the liver. This strongly implies that the function of hyperleptinemia of obesity is to prevent steatosis in tissues with functioning OB-Rb.
DISCUSSION
These findings support the concept that a physiologic role of leptin during overnutrition is to confine storage of TG to adipocytes, cells specialized for this role, and thus protect nonadipocytes from the adverse consequences of lipid overaccumulation.
This protection begins promptly at the start of overfeeding as the result of progressively increasing hyperleptinemia that continues to rise for the duration of hypernutrition. This appeared to minimize overaccumulation of lipids both by preventing the increase in lipogenesis that occurs in the absence of leptin action (31) , and through upregulation of β-oxidative metabolism of the surplus fatty acids (7) . Whereas in the liver there was an increase in PPAR-α protein and CPT-1 mRNA, in pancreatic islets no such changes 13 could be detected, despite a 30% increase in the rate of 3 H-palmitate oxidation. The greater induction of FA β-oxidative enzymes in liver than in extrahepatic tissues confirms a recent observation by Cook et al. (31) .
In islets the antilipogenic action of hyperleptinemia appears to be at least as important as the increase in FA oxidation in protecting islets from the lipid overload;
when leptin action is lacking, as in hyperphagic fa/fa ZDF rats, the fat-laden islets have a high rate of 14 C-glucose incorporation into lipids, in association with increased PPAR-γ, ACC and FAS expression on a 6% fat intake (32) . By contrast, in normal rats receiving the 60% fat diet, these remained in the low normal range and the lipogenic rate declined.
When the antilipogenic effect of leptin is lacking, lipogenesis is excessive and cannot be restrained by lipid excess (32) . It should be emphasized that we do not suggest that the direct antisteatotic activity ascribed to the endogenous hyperleptinemia of obesity occurs in normal lean animals. It appears to be a factor only during overnutrition when plasma leptin levels approach or exceed the threshold for transport across the blood-brain barrier, which is probably in the vicinity of 10 ng/ml (34) . In the absence of overnutrition plasma levels are below 5 ng/ml and leptin action is presumed to be largely on the hypothalamic centers for control of food intake and thermoregulation (35) . FIGURE LEGENDS: tissue TG content of 6 normal Sprague-Dawley rats on a 60% fat diet at 4
weeks of age before starting the high fat diet " and at 14 weeks of age after 10 weeks on the 60% fat intake . TG content in islets is expressed as ng/islet; in liver, heart and skeletal muscle, it is expressed as mg/g of wet weight of tissue. Body fat, as determined by MRS, is expressed as g/animal. *p<0.001 
